Abstract. Due to proceeding climate change, some regions such as California are becoming warmer and drier entailing the risk that destructive wildfires and associated air pollution episodes continue to increase. November 2018 has turned into one of the most disastrous months in Californian history with two particularly destructive wildfires raging concurrently through the North and the South of the state leaving about 1000 km 2 of land burnt to cinders. Both fires ignited at the wildland-urban interface causing at least 88 civilian fatalities and forcing the total evacuation of several cities and communities.
. Column averaging kernels reflecting the altitude sensitivity of the retrievals. (Borsdorff et al., 2018a) . The heritage of the TROPOMI approach to retrieve CO and CH 4 comes from the SCIAMACHY project and its observations (Burrows et al., 1995; Bovensmann et al., 1999) .
As a result of the observation of reflected solar radiation in the SWIR part of the solar spectrum, TROPOMI yields atmospheric carbon monoxide with high sensitivity to all altitude levels including the planetary boundary layer (see Figure 1 ) and is thus well suited to study emissions from fires. In order to convert the retrieved columns into mole fractions, they are divided 5 by the corresponding dry air column obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF) analysis. The resulting column-averaged dry air mole fractions are denoted by XCO.
Based on a validation with ground-based Fourier Transform Spectrometer (FTS) measurements of the Total Carbon Column
Observing Network (TCCON) (Wunch et al., 2011) , the TROPOMI/WFMD XCO data set is characterised by a random error (precision) of about 6 ppb and a systematic error (relative accuracy) of about 2 ppb (Van Roozendael et al., 2018) .
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For the present study a simple quality screening algorithm was implemented excluding measurements not sufficiently characterised by the forward model. It filters out measurements with a CO fit error larger than 10% or radiances in specific strong water vapour absorption bands (close to 2.4 µm) larger than 2.5 times the value, which one would expect for cloud-free scenes.
For land covered cases, scenes with unrealistically low retrieved surface pressure (difference to ECMWF analysis larger than 3 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-5 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 22 January 2019 c Author(s) 2019. CC BY 4.0 License. 300 hPa) are also excluded. As a consequence, high clouds are filtered out, while retrievals over low clouds may still be tolerated to some degree, thus increasing the number of utilisable scenes.
To get a visual impression of the smoke distribution originating from the fires, so-called true colour images (Red = Band I1, Green = Band M4, Blue = Band M3) from the Visible Infrared Imaging Radiometer Suite (VIIRS) instrument onboard the joint NASA/NOAA Suomi National Polar-orbiting Partnership (Suomi-NPP) satellite are used, which show land surface, oceanic 5 and atmospheric features like the human eye would see them (Hillger et al., 2014) .
The TROPOMI CO retrievals are also compared to the analysis of the ECMWF Integrated Forecasting System (IFS) provided by the Copernicus Atmosphere Monitoring Service (CAMS) (Inness et al., 2015) , which assimilates MOPITT and IASI CO observations (Drummond et al., 2010; Clerbaux et al., 2009 ) and biomass-burning emissions from MACC's Global Fire Assimilation System (GFAS) (Kaiser et al., 2012) .
To assess the CO burden in Californian major cities we compute the average total column enhancement (within 20 km radius around midtown, in units of mass per area) for the first days of the fire relative to November 7, which is considered as background. It is assumed that the additional CO from the fires is located in the well-mixed boundary layer, while the remaining upper part of the contaminated profile closely resembles the background profile, allowing to disentangle the nearsurface abundances from the total column measurements. To this end, the total column enhancement is divided by the boundary 15 layer height obtained from the ECMWF analysis to get the boundary layer concentration anomaly due to the fires (in units of mass per volume). The areal variation (1σ) of this anomaly is determined from the standard deviations of the CO columns measuring the inhomogeneity of the boundary layer concentrations within the respective city area.
Results
As a result of the Camp and Woolsey fires ignited on November 8, associated smoke overcast large parts of the state for 20 days. This can clearly be seen on the VIIRS true colour images in Figure 2 . Sentinel-5 Precursor and Suomi-NPP fly in loose formation, with Sentinel-5P trailing behind by 3.5 minutes, ensuring that both satellites observe (almost) the same scene. Thus, the corresponding images can be compared directly. Figure 3 shows the XCO distribution over California, which obviously matches the smoke emission and transport patterns detected by VIIRS unambiguously. This substantiates that the observed CO enhancements are actually originating from the wildfires.
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It is important to note that it can be excluded that the satellite-derived statewide CO column enhancement is only an artefact as a result of light path lengthening because of aerosol scattering at the particulate matter of the smoke. This is verified by the fact that the simultaneously retrieved gases, methane and water vapour, are not considerably increased compared to the pre-fire background abundances; light path related systematic errors would affect all retrieved gases similarly.
For comparison, Figure 4 shows the CAMS near-real-time CO analysis on a 0.75
• ×0.75 11 are predicted to be considerably larger than measured by the satellite, whereas they are predicted to be considerably smaller on November 8.
Averaged boundary layer concentration anomalies of CO (relative to November 7) in major Californian cities during the first days of the Camp and Woolsey fires are presented in Table 1 . The largest values were found for Sacramento and San
Francisco on November 9 and 10, due to the prevailing wind conditions, exceeding concentrations of 6 mg m . The cities in the South of the state are less affected owed to more favorable weather conditions.
Although the Sacramento and San Francisco city averages are compliant with air quality standards, the large associated variations indicate an uneven CO distribution within both towns, in particular for Sacramento. This interpretation is supported by the CO distribution depicted in Figure 3 showing that the plume's edge of the Camp Fire is located near Sacramento leading 10 to a larger burden in the northwest compared to the rest of the city. The largest total column value within all city radii is actually found on November 10 near Sacramento International Airport.
The corresponding spectral fit is shown in Figure 5 demonstrating a massive CO load and that the fit residual is small relative to the individual scaled derivatives (weighting functions) with respect to all fit parameters including the weak CO absorption.
When compared to a nearby background scene from November 7 (see Figure 6 ), one finds a considerable column enhancement of 3.0 g m −2
. Given the ECMWF analysis boundary layer height of 171 m, this corresponds to a boundary layer concentration . The corresponding enhancement on November 9 at the same location was 2.1 g m −2
with a boundary layer height of 266 m leading to a boundary layer concentration anomaly of 7.9 mgCO m −3
. Thus, it is reasonable to assume that the national ambient air quality standard of 10 mgCO m was likely exceeded for at least one 8-hour average in some neighbourhoods in the northwest of Sacramento.
To further assess the described area with significantly increased boundary layer concentrations, we revisit the discussed 10 contaminated scene near Sacramento International Airport on November 10 and analyse associated results from CAMS and dlnI/dp * dp dlnI/dp * dp p: 900hPa ± 7hPa (boundary layer height of 202 m according to the ECMWF analysis). However, the scene is located near the bottom edge of the rather large CAMS grid-box expanding further north in the direction of the fire origin. This potentially explains the large boundary layer concentration. ). Figure 7 shows the boundary layer concentration anomalies of Sacramento and its surrounding districts allowing to get an overview of the situation by highlighting the locations of the different measurements. As can be seen, the AQMIS site is located easterly of the satellite scene with maximal city area CO value, where concentrations are beginning to decline steeply.
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The corresponding satellite average for the North Highlands site is estimated to be 6.28 ± 2.72 mgCO m −3
, which is broadly consistent with the maximal daily value of the ground-based measurements.
Conclusions
The local CO emissions of Californian wildfires and subsequent transport can be clearly observed from space. This is a demonstration of the unprecedented capabilities concerning level of detail modern wide-swath imaging satellite instruments change entailing longer lasting and more intense fire seasons temper the outlook for the future (Radeloff et al., 2018 Figure 7 . Boundary layer concentration anomalies of Sacramento and its environs determined from TROPOMI CO total column measurements and boundary layer heights from the ECMWF analysis. Highlighted are the satellite scene with maximal city area value (17.5 mgCO m −3 , red) and the location of the AQMIS site in North Highlands (black). The maximum 1-hour average value of the ground-based site (4.6 mgCO m −3 ) is colour-coded within the black frame; the corresponding satellite average is estimated to be 6.28 ± 2.72 mgCO m −3 .
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